strain RA2. PCP and glucose were simultaneously mineralized by Pseudomonas sp. strain RA2, but glucose had no effect on the rate of PCP mineralization. PCP, on the other hand, significantly enhanced the metabolism of glucose by Pseudomonas sp. strain RA2.
Pentachlorophenol (PCP) is a widely used wood treatment agent and biocide (22) . The misuse, accidental spillage, and improper disposal of this toxic compound have resulted in extensive pollution of water and soil (6, 22, 26) . Under the Comprehensive Environmental Response, Compensation and Liability Act, PCP was included in the list of hazardous wastes (8) . The U.S. Environmental Protection Agency considers 1 mg of PCP liter-1 hazardous for land disposal (10) .
Because of its high degree of chlorination and toxicity, PCP is recalcitrant to microbial attack and has accumulated in some environments. However, several studies have demonstrated that PCP is subject to biodegradation by a limited number of naturally occurring bacterial and fungal species. Pure cultures of bacteria, such as Flavobacterium (31) , Pseudomonas (40) , Rhodococcus (1, 11) , Arthrobacter (6), Corynebactenum (30) , and Mycobacterium (11) spp., and cultures of fungi, such as Phanerochaete (21) and Trichoderma (4) spp., have the enzymatic capacities to degrade PCP. Because of the toxicity of PCP, however, high concentrations inhibit cell growth and consequently the degradation processes (6, 40) . Therefore, many studies have been done in continuous-flow systems with low PCP concentrations (7, 26) . These studies are useful and may aid in the development of clean-up strategies for areas with dispersed pollution (29) . In contrast, some areas with point source pollution contain PCP at concentrations as high as 9,000 mg/kg of soil. At such sites, bioremediation efforts are very costly and often fail (3) . As a result of this and other problems, only 7.5% of all remediation technologies used at Superfund sites in the fiscal year 1989 were biological treatment methods (9) . To make * Corresponding author. bioremediation a more effective technology, further research is needed to gain a better understanding of the basic mechanisms underlying enhancement and inhibition of microbial degradation of high concentrations of toxic compounds.
The Pseudomonas sp. strain used in this study was isolated from a heavily contaminated soil and was selected for its ability to degrade relatively high concentrations of PCP. In spite of an extensive literature search, no previously described bacterium was found that matches the characteristics of this organism. The goals of the work presented here were to characterize the organism, show that it could mineralize PCP, determine the range Fleischhacker KG, Schwerte, Germany). At least four filled chambers were counted per sample. In some experiments, the spread-plate technique was used for cell enumeration and for checking the purity of the cultures. Duplicate 0.1-ml portions of a series of 10-fold dilutions in mineral salts medium were plated on 0.2-strength TSA medium. Colony counts were made after 7 days of incubation at 24°C. The yield coefficient (Y), defined as the cell dry weight per total weight of PCP degraded, was assessed by filtration of at least 50 ml of early-stationary-phase cultures through dried and preweighed 0.2-,um-pore-size polycarbonate filters (Nuclepore Corp., Pleasanton, Calif.). After filtration, these filters were dried at 80°C for 20 h and reweighed, and the cell dry weight was calculated. All yield measurements were done in duplicate.
Analytical techniques. The mineralization of PCP and D-glucose was monitored by a technique similar to that of Schmidt et al. (34) and Hess et al. (14) . In this procedure, tracer concentrations of uniformly 14C-labeled compounds were added to the culture media (approximately 14,000 dpm/ml). The final substrate concentration was reached by adding different amounts of unlabeled compounds. To measure the unmineralized radioactive carbon that was not fixed in biomass, 2.5-ml samples were removed at appropriate intervals and filtered through 0.2-,um-pore-size polycarbonate filters (Nuclepore Corp.). In addition, unfiltered samples were taken so that the percentage of carbon fixed in cells could be calculated. One-milliliter aliquots of these samples were transferred to 4-ml Omni vials (Wheaton Industries, Millville, N.J.) and acidified with 3 drops of concentrated H2SO4 to force dissolved CO2 out of the samples. After the addition of 2.5 ml of ScintiVerse II scintillation cocktail (Fisher Scientific Co., Pittsburgh, Pa.), the samples were shaken vigorously and counted in a liquid scintillation counter (LKB Wallac, 1209 RackBeta, Turku, Finland). The counting efficiency was about 97% under these conditions. In addition, the mineralization of PCP was assessed by measuring 14C02 evolution by a technique similar to that of Hess et al. (14) . Evolved "4CO2 was captured at regular intervals in 2 ml of 0.5 N NaOH in a sidearm biometer flask. The radioactivity of the NaOH samples was determined in a liquid scintillation counter as described above.
Mineralization of PCP was also determined by measuring the release of chloride ions with a model 96-17 B combination electrode ( (Fig. 1) . Figure 1 shows the disappearance of 40 mg of PCP per liter, the growth of Pseudomonas sp. strain RA2, and the release of 26 mg of chloride liter-1 during PCP mineralization. The molecular weight of PCP consists of 66.6% chlorine, and therefore the data in Fig. 1 (Fig. 2) . In contrast, high concentrations of PCP had only a moderate effect on cell dry weight ( Fig. 2) and Y. At all PCP concentrations tested, Y was approximately 0.1. The concentration of PCP also affected the lag phase before the onset of mineralization by Pseudomonas sp. strain RA2. The higher the concentration of PCP, the longer the lag phase lasted before the start of measurable PCP mineralization (data not shown). The lag period before PCP degradation at high concentrations was shown to be a lag phase in cell growth (Fig. 3) . This period of adaptation was not observed at PCP concentrations of 40 mg liter-' or less (Fig. 1) .
In addition to its effects on the lag phase, high concentrations of PCP also adversely affected the growth rate of Pseudomonas sp. strain RA2. The highest specific growth rate (,u) was 0.09 h-1 at 40 mg of PCP liter-'. The growth rate decreased in proportion to increasing PCP concentration, and the lowest growth rate of 0.05 h-was observed at 150 mg of PCP liter-' (Fig. 4) . The inhibition constant (K,) for PCP mineralization was obtained by using linear regression to fit a straight line (r = 0.98) to the descending portion of the curve shown in Fig. 4 . The Ki obtained was 155 mg of PCP liter-'. To distinguish Ki from Ks, Ki is defined as the highest concentration of PCP at which ,u equals ,umax/2 (32) .
An attempt was made to fit the differential form of the Haldane equation (17, 32) to the growth rate response curve (Fig. 4) , but there were too few datum points in the curve to obtain an accurate estimate of Ki by using this method.
Simultaneous use of glucose and PCP. In experiments testing the effects of glucose on PCP mineralization by Pseudomonas sp. strain RA2, PCP and glucose were simultaneously degraded (Fig. 5) . Almost 90% of the glucose and 95% of the PCP were mineralized by the cells in this dual-substrate experiment; 40% of the mineralized glucose and 12% of the mineralized PCP were incorporated into cell biomass. Cell density reached approximately 4 x 108 cells ml-' in this experiment. (Fig. 6) . The Pseudomonas sp. strain RA2 is motile, has a functional polar Veudomonas sp. strain RA2 on PCP and flagellum, and stores poly-3-hydroxybutyrate. These traits 1) was higher than the growth rate on are not found in the genus Flavobacterium (15) . Previous .061 h-1). In the same experiment, the reports of PCP degradation by Pseudomonas spp. are rare 'P alone was 0.075 h-1. (16, 27, 39, 40) , and, unfortunately, some of these reports contain incomplete or ambiguous descriptions of the organisms involved. Thus, a rigorous comparison of Pseudomo-DISCUSSION nas sp. strain RA2 with previously described PCP-degrading -alizing bacterium described in this study pseudomonads is not possible. Prior to the present study, the n PCP-contaminated soil and tentatively most thoroughly described PCP-degrading pseudomonad domonas sp. strain RA2. This bacterium is was the Pseudomonas cepacia strain isolated by Kams et al. (16) . This organism differs from Pseudomonas sp. strain RA2 in several major respects, the most important being that P. cepacia has multiple flagella and Pseudomonas sp. strain RA2 has a single flagellum (Table 1 ). In addition, P. cepacia could only significantly degrade PCP in the presence of supplemental carbon sources (16, 27) . In contrast, Pseudomonas sp. strain RA2 metabolized PCP as its sole source of carbon and energy, and glucose had no effect on PCP mineralization by Pseudomonas sp. strain RA2. The depletion of radiolabeled PCP accompanied by CO2 evolution, stoichiometric release of chloride, and proportional increase in cell biomass indicates that Pseudomonas Glucose sp. strain RA2 can completely mineralize PCP ( Fig. 1 and 2 (Fig. 4) and the number of cells produced per unit of PCP but not the biomass produced per unit of PCP (Fig. 2) . A similar effect of PCP on specific growth rates was previously described by Stanlake and Finn (37) for an Arthrobacter sp. The observation of unusually long cells during exponential growth also indicates that Pseudomonas sp. strain RA2 has the potential to grow without dividing. These results are not consistent with the assumption that PCP acts only as an uncoupler of oxidative phosphorylation (41) because an uncoupler should reduce biomass as well as cell number. The adverse effect of PCP on bacterial proliferation may be partially due to its direct influence on cell membranes. In addition to its effects on electrical conductivity, PCP has been shown to alter the molecular organization of phospholipid membranes (36, 38) .
PCP concentration had a significant effect on the acclimation phase for PCP mineralization. With increasing substrate concentration, the acclimation period, i.e., the time interval during which biodegradation was not detected, increased. Similar observations have been made for phenol degradation in sewage cultures (42) . In the present study, the delay in biodegradation was linked to a delay in growth. The onset of logarithmic growth was delayed at high PCP concentrations as compared with the onset of growth at lower concentrations. A prolongation of the growth-related lag phase at high PCP concentrations has been previously reported in other Pseudomonas spp. (27, 39) and in cultures of non-PCPdegrading rumen bacteria (43) . It may be that high PCP concentrations initially reduce the number of active Pseudomonas sp. strain RA2 cells; however, the direct counting method used in this study cannot be used to differentiate active from nonactive cells. A second explanation is that the acclimation is due to proliferation of enzymes specific for dealing with high concentrations of PCP. In an experiment in which the total inoculum density was greatly increased (data not shown), the lag in PCP mineralization was almost completely eliminated, thus supporting the first of the above explanations. It may be that a higher population density can withstand a higher PCP concentration because the concentration of PCP per cell is lower (20) .
Several experiments which assessed the effects of glucose on PCP mineralization in Pseudomonas sp. strain RA2 showed that relatively high concentrations of PCP and glucose could be simultaneously mineralized by this organism (Fig. 5) . These findings are consistent with previous work that demonstrated simultaneous mineralization of glucose and a variety of aromatic compounds in a number of Pseudomonas spp. (12, 28, 33, 34) . In addition, P. cepacia ATCC 1100 has been shown to cometabolize PCP in the presence of glucose, whereas in the absence of glucose, P. cepacia could not degrade significant quantities of PCP (27) .
It was hoped that glucose would increase the growth rate of Pseudomonas sp. strain RA2, as has been noted with other xenobiotic-degrading bacteria (33, 34) , or ameliorate the toxic effects of PCP (20, 35) . Contrary to expectations, however, glucose had no effect on the rate of PCP mineralization. This was in spite of the fact that the cell density was increased from 5 x 107 cells ml-' in the absence of glucose to 4 x 108 cells ml-' when glucose was added.
An unexpected finding of this study was that PCP significantly enhanced the mineralization of glucose by Pseudomonas sp. strain RA2 (Fig. 6) . One explanation for this finding is that more glucose-metabolizing cells were produced in the presence of PCP than in its absence. Data to test this hypothesis were not obtained in the present study. PCP did significantly increase the growth rate of Pseudomonas sp. strain RA2 from 0.06 h-1 in the absence of PCP to 0.08 h-1 when PCP was present. Another likely explanation for the stimulatory effect of PCP on glucose metabolism is that PCP is an uncoupler of oxidative phosphorylation. Uncouplers can increase the overall metabolic rate of an organism (18) , which would in turn increase the rate of glucose metabolism. Bauer and Capone (2) noted that the addition of PCP to oxygenated sediment slurries caused significant increases in the percentage of glucose respired.
The results of the dual-substrate experiments also indicate that Pseudomonas sp. strain RA2 has a preference for PCP over glucose as a growth substrate. Pseudomonas sp. strain RA2 grew faster on 80 mg of PCP liter-' (,u = 0.08 h-1) than on 80 mg of glucose liter-' (p, = 0.06 h-1) despite the fact that the percent carbon content of glucose is much higher than that of PCP. These results are probably attributable to selective pressures in the soil from which Pseudomonas sp. strain RA2 was isolated. This soil was highly contaminated with PCP and creosote and probably was not receiving significant inputs of glucose from natural sources. Thus, selective pressure in this soil would have favored organisms that specialize on PCP or components of creosote. Another reason for the preference of this organism for PCP is that selective pressure for PCP mineralization was always maintained in laboratory cultures of Pseudomonas sp. strain RA2. Unlike many PCP-degrading bacteria used by previous workers, the Pseudomonas sp. strain RA2 cell line used in all PCP degradation experiments was never grown on rich laboratory media. Preference for a xenobiotic chemical over a naturally occurring compound has been previously reported by LaPat-Polasko et al. (19) , who found that Pseudomonas sp. strain LP preferred methylene chloride over acetate in their experimental system.
In conclusion, Pseudomonas sp. strain RA2 was shown to mineralize relatively high concentrations of PCP and glucose had no effect on the kinetics of PCP mineralization in this organism. Future work with this organism will be directed at selecting strains of Pseudomonas sp. strain RA2 that can mineralize even higher concentrations of PCP, with the hope that they can be used in bioremediation efforts at sites that are heavily contaminated with PCP.
